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Abstract: In this paper, we present the first numerical study on full metrics of wavelength-
dependent optical properties of melanosomes in retinal pigmented epithelial (RPE) cells. T-
matrix method was used to simulate the spheroidal shapes of mature melanosomes, and the
complex refractive index was calculated by a subtractive Kramers-Kronig relation for
melanin. The validity of the method was first confirmed by Mie theory, and corroborated by a
comparison between visible light and near infrared (NIR) optical coherence tomography
(OCT) on human retinal imaging. We also studied the changes of melanosome optical
properties due to melanin bleaching by numerically reducing the absorption of melanin. This
study implies a unique approach to detect melanin changes specifically in RPE by a
spectroscopic contrast of optical coherence tomography.

© 2017 Optical Society of America

OCIS codes: (160.4760) Optical properties; (290.5850) Scattering, particles; (170.4500) Optical coherence
tomography.
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1. Introduction

Melanin is an intrinsic pigment that is enriched in retinal pigmented epithelial (RPE) cells. In
addition to absorbing excessive light passing though the retina, melanin also has important
protective roles mediated by several biochemical mechanisms, such as scavenging reactive
free radicals [1, 2], quenching electronically excited states [3] and sequestering redox-active
metal ions [4, 5]. Those functions lead to the hypothesis that melanin bleaching (i.e. loss of
absorption capability) is a key factor in the pathogenesis of age-related macular degeneration
(AMD). Indeed, the melanin content in RPE drops around 50% in eyes of people aged over
70 years [4], which is correlated to the increased AMD incidence with aging. Also,
epidemiologically all forms of AMD are more prevalent in the white population than more
darkly pigmented races, suggesting the pathological relevance of melanin. Paradoxically, a
recent clinical study showed that no significant correlation was found between melanin
pigmentation and early age-related maculopathy [6]. Those seemingly conflicting literatures
make the role of melanin in AMD still a controversial and inconclusive subject.

A significant part of the controversy stems from the lack of an accurate method of
measuring melanin in vivo, and also the lack of understanding of the optical properties of
melanin and melanosomes (the organelle in charge of synthesis, store and transport of
melanin). The current clinical method of quantifying retinal melanin content is by fundus
reflectance photography [6], which has two major limitations. Firstly it does not differentiate
melanin/melanosomes in RPE and choroid, and secondly it does not measure melanin content
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directly but calculates melanin optical density indirectly by an inverse model. Both of these
two limitations can have pivotal impacts in in vivo data interpretation.

On the other hand, it is still challenging to provide optical characterization of melanin and
melanosomes. The challenges not only arise from the complex structures of melanin itself,
but also the fact that melanin does not exist in free form in vivo, but is exclusively compacted
within melanosomes. When we reviewed the literature, the measurements of absorption
coefficient (1) from isolated melanosomes have been documented by optical transmission
microscopy [7], and later by explosive vaporization [8], and microcavitation [9]. However,
little has been reported on the scattering properties of melanosomes, despite the fact that the
signals collected in reflectance retinal imaging are ultimately determined by the light
scattering.

In this study, we aim to provide the full metrics of optical properties of RPE melanosomes
by a numerical simulation, and predict their changes with melanin bleaching. This study is
based on the observation that matured melanosomes have spheroidal geometries and their
sizes are binomially distributed [10]. With an assumption that melanin is uniformly
distributed in the melanosomes, we adopted the T-Matrix method by Mishchenko et al. [11]
to rigorously compute light scattering from randomly oriented spheroids to simulate
melanosomes. The complex refractive index for melanin was calculated by a subtractive
Kramers-Kronig (KK) relation. We also numerically simulated melanin bleaching by
reducing ua within melanosomes and examined the changes of their optical properties. In
addition, we qualitatively corroborated our simulation with the experimental data from visible
light and NIR optical coherence tomography (OCT). The clinical implication is that
spectroscopic OCT may provide unique advantages in quantifying melanosomes or melanin
specifically in RPE in vivo.

2. Methods
3.1 T-matrix for simulating optical properties of randomly oriented spheroids

The T-matrix code developed by Mishchenko et al. was used to simulate the optical
properties of randomly oriented spheroids in this study. The code was downloaded from Ref
[11], and modified to allow updating simulation parameters iteratively at varying
wavelengths. A Matlab script was written to update the geometry, size distribution, complex
number of refractive index (RI) and wavelength.

In the T-Matrix method, the intensity of the scattered beam is described by a Stokes
scattering matrix F(®) [12]

8,(0) b(®) 0 0
b(®) 2,@®) 0 0
0 0 a(®) b(®)|
0 0 -b(0) a(9)

F(0) = @

where ©® (degree) is the scattering angle between the incidence beam and scattered beam
within the scattering plane. The elements aj, az, as, a4 and by, b2 denotes the eight elements in
the Stokes scattering matrix, following the notations by Mishchenko et al [12]. The elements
have been also commonly denoted by Si1, S22, Ss3, Saa and Siz, Sz4 in other literatures [13], and
their conversion is explained in a later section. The Stokes vector of the scattering beam can
then be transformed from the Stokes vector of the incident beam by the following equation:

Csca
sca W F(®)Iinc’ (2)
where Csa (um?) is the scattering cross section per particle, and R is the distance from the
particle. The Stokes vector follows the conventional definition as a (4x1) column having the
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Stokes parameters |, Q, U and V, describing the light polarization [13]. I, Q, U and V is
defined by,

I =(E’+E7),
Q=(E’+E7),
U=(EE +EE),
V= i<EuEL* - ELE||*>'

©)

where E| and E+ are parallel and perpendicular components of the electric field to the plane
of scattering, respectively.

For randomly oriented scatters and unpolarized incidence, the backscattering cross section
Cp (um?) follows the conventional definition of radar backscattering cross section, and is
defined by the (1,1)-element of F(®) in Eq. (1):

Cb = F11(1800)Csca' (4)
The F matrix, the scattering (Csca), extinction (Cex), absorption cross section (C,), and
anisotropy factor (g ) are readily calculated by the T-matrix code for the full metrics of
optical properties.
In order to derive the ua (um™) and s (um™), we scaled the cross sections to macroscopic
properties by

C

Has = fv \;YS ’ (5)

where f, being the volume fraction within a local volume V (um?®). Within the melanosomes, f,
is equal to 1 and V is calculated form the equivalent-sphere radius r¢ (um) calculated by T-
matrix.

In order to take into account the natural size distribution of melanosomes, the T-matrix
code includes various analytical functions, in particular the gamma function [12],

(a+)ly a 4
p(r)=¢[ﬂ [L] exp{—ﬁm ] ©)
rcr(ourlj 7 r, yir,

4

in which r (um) is the equivalent-sphere radius. The three other constants y (unitless), a
(unitless), and r¢ (um) defines the distribution, where r. scales the mean size of the spheroids,
a is the exponent of the power law term and y determines how fast the exponential term
decays with r. By taking y = 3, r¢ = ro, and
1r?
yo'

U]

the gamma function approximates the normal distribution, defined by a Gaussian function
where ro (um) and o (um) are the mean radius and standard derivation, respectively:

B(r) = exp(— L ] ®)
O

To average the cross sections over a size distribution, a weighted integration by the size
fraction p(r) is calculated by
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[ pcmdr
J? p(rdr

3.4 Spheroidal geometries of melanosomes in retinal pigmented epithelium

©9)

total —

The melanosomes are generally in a shape of prolate spheroids, with the long axis length
ranging roughly from 0.5 to 3um. We adopted the geometric characterization of melanosomes
from a transmission electron microscopy study for matured bovine RPE [10]. In this study,
two shapes of spheroids were found with one being more rounded and the other being more
elongated. We abbreviate these two types of spheroids as S and Se. The subscripts r, e are
short for rounded and elongated, respectively. The mean value and standard deviation of the
long and short axis for S, and S, are summarized in Table 1. As the relative standard
deviations are fairly consistent for both axes in each shape (S,: 0.18 for long axis, 0.14 for
short axis; Se: 0.24 for long axis, 0.22 for short axis), we simplified the shapes of
melanosomes by two types of spheroids with fixed aspect ratios (Sr: 1.27 and Se: 3.52), and
each with their axis length normally distributed, as shown in Fig. 1(c).

The T-matrix code randomizes the orientation and uses one equivalent-sphere radius r. to
denote the size as in Eq. (6). The value of a is taken as a = (aas?)*3, where | and s denote the
long and short axis, respectively. The values of a, y and rc are summarized in Table 1 as well.

Table 1. Summary of the length distributions of melanosomes.

Type Long axis/um Short axis/um ré/pm a/unitless Yunitless
S® 2.29 (0.55)° 0.65 (0.14) * 0.495 6.22 3
SP 0.8(0.14)* 0.63 (0.09) ® 0.341 13.46 3

2 The data is from Ref [10]. The mean values ry of the normal distribution is listed with their standard deviations o
in the parenthesis.

® The abbreviation of S, and S, is for rounded spheroids and elongated spheroids, denoting the two types of shapes
of melanosomes in RPE.

3.3 Complex refractive index of melanosomes in RPE

T-matrix method also requires the complex refractive index (RI) n(w) = n(w) + ik(w) within
melanosomes. The imaginary part of RI k(w) represents the absorption, and is calculated by

(@) = ), (10)
20
where ¢ (3e® m/s) is the speed of light in vacuum, ® (rad/s) is the angular frequency of the
light; and ua (um™?) is the absorption coefficient of the melanosome. The wavelength-
dependent value of u, has been previously characterized as ua = 6.49 x 1027348 (cm™),
where 1 is the wavelength expressed in nanometers [14].
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Fig. 1. (a-b) The real and imaginary part of the wavelength-dependent complex refractive
index of melanosomes. The gray area indicates the region where the calculation may introduce
computational errors due to the finite integration range. (c) The probability density function
(p.d.f.) of the long axis length of melanosomes in matured RPE based on Ref [10]. Two types
of spheroidal shapes are shown: S, and S.. The integration of the p.d.f. is equal to unity.

The real part of the RI n(w) is calculated by a subtractive KK relations [15],

n(w) = n(a,)

o'k(w") »' (1)

2,5 2 *
T (@~ )Pjo (@ —0?) (@, -o”
where n(wg) is the RI at a reference frequency wo. P is the Cauchy principal values of the
integration. The real part of the RI for melanin is generally found to be within 1.6-1.7 [16,
17]. We took n(wo) = 1.65 at 650nm, and the wavelength-dependent complex RI of
melanosome can be calculated as shown in Fig. 1(a), 1(b). We note that the real part of the RI
is fairly consistent with variations within + 0.0015 in the 0.5-0.9 um wavelength range, while
the imaginary part of RI decays at longer wavelengths. The sharp dip at ~350nm in Fig. 1(a)
is due to the finite range of the integration, as indicated by the gray area.

3.2 Mie theory for validating T-matrix code

The open source Matlab code by Christian Maetzler [18] was used to generate the optical
properties for spherical particles in order to compare the T-matrix code [19]. Mie theory
calculats the scattering matrix S to describe the scattering field form spherical scatters,

Ex)_e“ (s, S|(E; (12)
E. ikr (S, S, )\E,)

where E|; and E+; are parallel and perpendicular components of the incident field to the plane
of scattering, respectively, and E|, and Evs are those of the scattered wave. The relation
between incident and scattered Stocks parameters follows [13],

| S, S, O 01
Qs — 1 Slz Sll 0 O Q
U | KR 0 0 S, S,|lU
Vv, 0 0 -5, S;/V

»

S

i (13)

Sy :%“SZ'Z +|Sl|2)' Si2 :%(|SZ|2 _|Sl|2)'

S, =Re(S,’s,), S, =Im(S,’s,),
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where k is the wave number and R is the distance from the particle. A conversion from the
Stocks scattering matrix to F(®) in Eq. (1) can be made by,

C
F—» _ __sca S 14
Yoo2xk ! (14)
The Mie theory code outputs the efficiencies for extinction, scattering, absorption,
backscattering (Qext, Qsca, Qabs, Qb) and anisotropy factor g. The corresponding cross section
per particle can then be calculated by

C=Q-zr?, (15)

where r (um) is the radius of the sphere. Equation (9) was used to include the size distribution
of scatters for Mie theory as well.

3. Results

T-matrix calculation is an effective approach to calculate the scattering properties from
spheroidal geometries and various orientations. The code provided by Mishchenko et al. has
been widely used in a broad range of scientific regimes including the field of biomedical
optics [20]. The code with single orientation has been experimentally validated [21] and
successfully applied to characterize the elastic light scattering from cell nuclei [22, 23].
Adapting the similar code with random orientation of spheroids, we aim to characterize the
optical properties of melanosomes in RPE.

Table 2. Averaged deviation (%) comparing T-matrix to Mie theory for spherical
scatters.

Size Distribution Fu FoolFu Fas/Fu FaalF11 Cb Cext g
Monodisperse 6.4 3.3 0.027 15 2.0 0.007 0
Normal 2.1 3.7 4.7 14 4.3 1.6 0.096

In order to ensure the code runs properly, we first compared the T-matrix calculation with
Mie theory on spherical scatters. Figure 2 shows the F-matrix output by two methods on
polystyrene microspheres (mean diameter d = 1 um, n = 1.59) in aqueous medium (n = 1.33)
at 2 = 0.5um. The F-matrix in Mie theory was converted from the Mie scattering matrix by
Eqg. (14). Two scenarios were simulated where the microspheres were either monodisperse or
the size are normally distributed. In the monodisperse case, the diameter range was limited
within 1 + 1e® pm; while in the normally distributed case, the diameter followed a normal
distribution with the standard deviation equal to 0.25um. In each scenario, we further
compared the wavelength-dependent optical properties by two methods in Fig. 3. For all the
above comparisons, the results from T-matrix showed excellent agreement with Mie theory,
with deviation less than 6.4%. The averaged deviation between two methods were
summarized in Table 2.
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Fig. 2. Comparison of F-matrix between T-matrix and Mie theory from monodisperse and
normally distributed 1pm polystyrene spheres in water. The curves are from Mie theory and
the symbols are from T-matrix.

(a) . . : : .
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Fig. 3. Comparisons of wavelength-dependent optical properties between T-matrix and Mie
theory from monodisperse and normally distributed 1pum polystyrene spheres in water. Three
panels are for (a) backscattering cross section Cp; (b) extinction cross section Ce and (c)
anisotropy factor g. The curves are from Mie theory and the symbols are from T-matrix.

Having numerically validated the method, we next simulated the optical properties of
melanosomes in RPE. The S, and S. spheroidal shapes were separately calculated with their
size distribution, and their results were summed by their volume fractions (S:Se = 0.82:0.18)
[10]. We first examined the conventional absorption and scattering coefficients, ua and us as
shown in Fig. 4. The spectrum of xa showed good agreement with the literature values in Ref.
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14. We note that us is at least one order of magnitude higher than u. despite the strong
absorption of melanin. This is due to the high RI of melanosomes contracting to the aqueous
medium.

a b
( )10’ T r T . T ( }5 T T T r T
— — T matrix L
=~ 10"} Jacques, 1998 ] =
L . 5
= \\ -
10° e
F \“-\ 3
B
10° : . " - 5 0 . n : . n
0.4 0.8 12 1.6 0.4 0.8 1.2 1.6
A{pm) A(um)

Fig. 4. T-matrix simulation of (a) Wavelength-dependent absorption coefficient p, and (b)
scattering coefficient p; from melanosomes in RPE. In (a), the p, from the reference [14] (red
solid curve) and T-matrix calculation (blue dash curve) were plotted together for comparison.

The spectra of Cp, Cex, Csca, and g of melanosomes are shown in Fig. 5. We found that
Cu, increases in visible light range, peaks around 700nm, and decreases in longer wavelength.
The value of Cy, at 800nm is about ~25% higher than that at 500nm. The spectra of Ce: and

Csca monotonically decrease with respect to wavelength, reducing by ~50% from 500nm to
800nm. g also exhibits monotonic decay at longer wavelengths.

(a) p.os T T T T T
0.04

0.03
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Fig. 5. Wavelength-dependent optical properties of melanosomes and their changes with
melanin bleaching. Four panels are for (a) backscattering cross section Cy; (b) extinction cross
section Cey , (C) scattering cross section Cyc,, and (d) anisotropy factor g.

Next we simulated the melanin bleaching, by numerically scaling pa by a constant in Eq.
(10) (i.e. 1 for no bleaching, 0.5 for 50% bleaching, and 1e~* for 99.99% bleaching). Cy, shows
the largest bleaching-induced contrast in visible light range, increasing by ~11% and 33% at
500nm with 50% and 99.99% bleaching, respectively. In comparison, Ceqx and Csca have only
increased by ~1% and 2% with 99.99% bleaching, respectively. The complete data set for no
bleaching is included in Appendix.

In order to provide some experimental support for our simulation, at least qualitatively,
we compared in vivo human retinal imaging by optical coherence tomography (OCT)
operated in the visible light (530-620nm) and NIR (~850nm) range from a normal eye (Fig.
6(a), 6(b)). The data is from Yi et al’s previous study on human retinal imaging using visible
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light OCT [24]. Because the OCT signal is determined by Cy, for a thin layer of RPE (~20um),
the relative change between two wavelength ranges can be correlated to the result in Fig. 5(a).
As shown in Fig. 6(c), fifty A-lines from three regions were averaged to generate the depth
profiles. After subtracting the noise floor, the depth profiles were normalized to the intensity
level at the IS/OS peak. We can see that in NIR OCT, the signal from RPE is significantly
higher than that in visible light OCT, by around 27%, 48%, and 28% in three regions. This
contrast corroborates with our simulation that Cy is higher in NIR at ~800nm than visible
range. A similar spectroscopic contrast was also observed in rodents [25].
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Fig. 6. Comparison of A-line signal from vis-OCT and NIR OCT taken from the same human
eye in vivo. (a-b) The cross sectional images from vis-OCT and NIR OCT, respectively. The
images are reanalyzed and reprinted from Ref [24]. IS/OS, inner/outer segment of
photoreceptors; RPE-retinal pigmented epithelium. The layer of RPE in the images was
manually segmented by ImageJ and flattened for A-line averaging. (c) The A-line comparisons
between vis-OCT and NIR OCT at three sites labeled in panel (a-b). The A-lines are
normalized at 1S/OS peaks. The two dash lines define the depth range of RPE layer.

4. Discussion

In summary, we presented a rigorous simulation using T-matrix method to characterize the
wavelength-dependent optical properties of melanosomes in RPE, considering their
spheroidal geometries, size distributions and complex RI. We also simulated the melanin
bleaching by numerically reducing the absorption of melanosomes, and examined the changes
of their optical properties. Experimental comparison between vis-OCT and NIR OCT showed
that the backscattering signal from RPE is significantly lower in visible light range than NIR,
which corroborates our simulation showing a similar spectroscopic trend in C.

There are several influential parameters in our simulation that require further discussion.
In our calculation of complex RI of melanin, we used 1.65 for melanosomes at 650nm in KK
relation which creates a large RI contrast to the aqueous medium. This high contrast resulted
in a high us that is at least one order of magnitude higher than u,, despite melanin itself being
a strong absorber. In vivo experimental evidence of melanosomes’ high RI was provided by
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confocal reflectance microscopic imaging of human skin [26]. Melanosomes in pigmented
skin generated high brightness over other cellular components compared with unpigmented
skin, suggesting the strong backscattering efficiency presumably resulted from the high RI
contrast. The high RI of melanin was also validated in vitro using natural melanin particles
from Sepia officinalis [16, 17]. In those experiments, integrating spheres were used to
measure u, and us of the melanin suspension, and the RI of melanin was predicted using the
particle size characterization and concentration. In the above literatures, the Rl of melanin is
generally found around 1.6-1.7 in visible and NIR range. Recently, a relevant study on the RI
of melanin in bird feather showed the value of RI being 1.7-1.8 in visible light range [27].
Although in this case the melanin is from a different species, the high melanin Rl is in a
general agreement with previous literatures. We should also note that the calculation of KK
relation has errors in both ends of the spectrum, due to the finite range of the integration as
shown in Fig. 1(a). In the future, multiple subtractive KK analysis may be applied to reduce
the uncertainty of the calculation over the entire spectrum with more experimental reference
points. In our current study, the validity appears to hold over the spectral range larger than
400nm, as suggested in Fig. 4(a).

Another important assumption is that the melanin bleaching is not affecting the real part
of RI. Given that the us of melanosomes is largely due to the RI contrast to the medium, this
assumption indicates that the melanin bleaching would not induce drastic xs changes. This is
confirmed by Fig. 4(b) and 4(c) showing that melanin bleaching induces moderate changes of
Us, even under 99.99% loss of absorption. Understanding the physical process of melanin
bleaching is the key to this assumption. Watt et al. showed that the completely solubilized
melanin in dimethyl formamide has almost identical absorption spectrum as the polymerized
melanin in water, indicating that the mechanisms of the absorption is from the melanin
protomolecules at sub-nanometer scale, instead of high-order polymerization [28]. Littrell et
al. studied the structures of melanin and revealed a sheets-like structures composed of stacks
of protomolecules [29]. When chemical bleaching was introduced, the structural changes
starts at the length scale of ~10A by reducing the sheet distance. Interestingly, they found that
the reduction in absorbance during bleaching is not uniform as would be the case if the
density of absorbing melanin particles were simply reduced without any structural change.
Thus, they suggested that there is structural reconfiguration of melanin protomolecules upon
bleaching, possibly reversible, while the microscopic mass density and thus the real part Rl
might not change significantly. In any case, the process of melanin bleaching awaits more
investigation, and this assumption ultimately would need further experimental validation.

We should note that our study does not consider the ultra-structures of melanin within the
melanosomes. Melanin itself is a complex macromolecule consisting of polymers of
eumelanin and pheomelanin. The higher-order structures of intact melanin within the
melanosome is extremely difficult to predict, and also beyond the capability of T-matrix
method. Instead, we assumed that melanin are uniformly distributed within melanosomes and
provide the RI contrast to cytoplasm. We also did not consider the possible variation of
melanin contents among melanosomes. However, given that melanin bleaching is globally
present on retina, a measurement over a large field of view could still provide an ensemble
averaging that reflects the overall melanin bleaching.

The implication of the simulation and experimental evidence is that the melanin bleaching
in RPE could potentially be detected by spectroscopic OCT. Given the high RI of melanin
and their abundance in RPE, the signal detected in OCT may be contributed predominantly by
melanosomes. Thus, spectroscopic analysis across visible and NIR ranges in OCT presents a
unique approach to detect melanin loss and melanosome changes specifically in RPE,
excluding any confounding factors from choroidal melanin. The depth resolving capability to
investigate only RPE layer is advantageous to other fundus photography based imaging
methods, which may offer better diagnostic values in AMD and a fresh look at the
pathological roles of melanin.
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In summary, we provided a rigorous simulation using T-matrix method to characterize the
full metrics of wavelength-dependent optical properties of melanosomes in RPE. This study
provides insight to specifically assess melanosomes in RPE using spectroscopic OCT. We
discussed the limitation of several key assumptions in our simulation. Future experimental
measurements addressing those limitations are on-going.

Appendix

We included the data of wavelength dependent optical properties of melanosomes in RPE
with no bleaching in Appendix Table 3 as plotted in Fig. 5. Table 4 and 5 list the same
metrics from S, and S, spheroidal shapes, separately.

Table 3. Wavelength-dependent optical properties of melanosomes in RPE.

A (nm) Co (um?) Coxt (um?) Caca (Um?) g

04 0.022934 1517766 1.352065 0.922249
0.410619 0.023896 1511765 1.35778 0.92024
0.421818 0.024747 1502427 1.359853 0.918231
0.433645 0.025746 1.489653 1.358136 0.916187
0.446154 0.02652 1.473303 1.352443 0.914072
0.459406 0.027552 1.453313 1.342696 0.911859
0.473469 0.0286 1.429627 1.3288 0.909519
0.488421 0.029888 1.402146 1.310634 0.907018
0.504348 0.031268 1.370865 1.288176 0.904332
0.521348 0.03265 1.335828 1.26147 0.901445
0.539535 0.034055 1.29709 1.230548 0.898316
0.559036 0.035311 1.254715 1.19548 0.894881
058 0.036634 1.208892 1.156455 0.891083
0.602597 0.037702 1.159016 1.112873 0.886929
0.627027 0.038642 1.107373 1.067006 0.882287
0.653521 0.039351 1.052407 1.017337 0.877139
0.682353 0.039754 0.994899 0.96465 0.871379
0.713846 0.039831 0.935249 0.909356 0.864894
0.748387 0.039686 0.873822 0.851847 0.857532
0.786441 0.039171 0.811066 0.792586 0.849233
0.828571 0.03828 0.74737 0.731983 0.839838
0.875472 0.03676 0.683055 0.670387 0.82898
0.928 0.034697 0.618603 0.608303 0.81613
0.987234 0.032819 0.554495 0.546236 0.800897
1.054545 0.032111 0.491071 0.484551 0.783176
1131707 0.03195 0.428715 0.423657 0.763155
1.221053 0.030036 0.36784 0.363994 0.741292
1.325714 0.024925 0.308699 0.305846 0.717068
1.45 0.018411 0.251915 0.24986 0.686026

1.6 0.014759 0.199138 0.197714 0.6387



Research Article Vol. 8, No. 9| 1 Sep 2017 | BIOMEDICAL OPTICS EXPRESS 3978 I

Biomedical Optics EXPRESS -~

Table 4. Wavelength-dependent optical properties of S; spheroidal shapes of
melanosomes in RPE.

A (nm) Co (um?) Coxt (um?) Caca (Um?) g

0.4 0.022309 1.17892 1.05728 0.918852
0.410619 0.023178 1.17109 1.05834 0.916746
0.421818 0.023975 1.16029 1.05616 0.914638
0.433645 0.024901 1.14649 1.05068 0.912489
0.446154 0.025628 1.12963 1.0418 0.910263
0.459406 0.026562 1.10973 1.02954 0.90793
0.473469 0.027476 1.08681 1.01389 0.90546
0.488421 0.02875 1.06083 0.994797 0.902814
0.504348 0.030044 1.03185 0.972312 0.89997
0521348 0.031426 0.999988 0.946562 0.896911
0.539535 0.032759 0.965346 0.917631 0.893593
0.559036 0.034008 0.928016 0.885623 0.889945
058 0.035222 0.888233 0.850773 0.885907
0.602597 0.036244 0.845552 0.812645 0.881486
0.627027 0.037112 0.801915 0.773175 0.876534
0.653521 0.037725 0.756026 0.731095 0.871049
0.682353 0.038001 0.708649 0.687175 0.864906
0.713846 0.037924 0.660051 0.641696 0.857964
0.748387 0.037545 0.61057 0.595013 0.850078
0.786441 0.036907 0.560647 0.54758 0.841168
0.828571 0.03588 0.510593 0.499726 0.831088
0.875472 0.034106 0.460673 0.451736 0.819413
0.928 0.031681 0.411354 0.404098 0.805539
0.987234 0.029587 0.363136 0.357325 0.789046
1.054545 0.029024 0.316331 0.311748 0.769878
1.131707 0.029048 0.271271 0.26772 0.74834
1.221053 0.026845 0.228283 0.225587 0.725034
1.325714 0.020918 0.187444 0.185446 0.699408
1.45 0.013872 0.149164 0.147729 0.666356

1.6 0.010705 0.114871 0.113881 0.615154
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Table 5. Wavelength-dependent optical properties of Se spheroidal shapes of
melanosomes in RPE.

A (nm) Co (um?) Cext (um?) Caca (UM?) g

04 0.026344 3.36602 2.95998 0.940777
0.410619 0.027817 3.36999 2.99109 0.939297
0.421818 0.028957 3.36863 3.01636 0.937832
0.433645 0.030352 3.36145 3.03517 0.936358
0.446154 0.031383 3.34788 3.04686 0.934851
0.459406 0.032949 3.3274 3.05082 0.933288
0.473469 0.03473 3.29954 3.04649 0.931659
0.488421 0.036097 3.26387 3.03338 0.929946
0.504348 0.037939 3.22004 3.01107 0.928125
0.521348 0.039325 3.16768 2.97915 0.926178
0.539535 0.041123 3.1066 2.93737 0.924076
0.559036 0.042418 3.03671 2.88561 0.921803
0.58 0.044334 2.95794 2.82381 0.919313
0.602597 0.045658 2.86882 2.75048 0.916621
0.627027 0.046987 2.77351 2.66972 0.913665
0.653521 0.048221 2.66903 2.57866 0.910355
0.682353 0.049315 2.55626 2.47815 0.906689
0.713846 0.05023 2.43633 2.36932 0.902694
0.748387 0.051363 2.30974 2.25276 0.898193
0.786441 0.051521 2.17699 2.12898 0.893226
0.828571 0.05137 2.03888 1.99884 0.887567
0.875472 0.051233 1.89605 1.86303 0.881164
0.928 0.051148 1.74905 1.72215 0.873899
0.987234 0.050453 159827 1.57666 0.865542
1.054545 0.04895 1.4442 1.42711 0.855709
1.131707 0.047783 1.2875 1.27422 0.843966
1.221053 0.047443 1.12906 1.11894 0.829973
1.325714 0.046781 0.970092 0.962575 0.813396
145 0.043171 0.812372 0.80694 0.793318

1.6 0.036876 0.658773 0.654983 0.767134
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